Abstract An analysis is presented to investigate the effect of thermophoresis particle deposition and temperature dependent viscosity on unsteady non-Darcy mixed convective heat and mass transfer of a viscous and incompressible fluid past a porous wedge in the presence of chemical reaction. The wall of the wedge is embedded in a uniform non-Darcian porous medium in order to allow for possible fluid wall suction or injection. The governing partial differential equations of the problem, subjected to their boundary conditions, are solved numerically by applying an efficient solution scheme for local nonsirnilarity boundary layer analysis. Numerical calculations are carried out for different values of dimensionless parameters arising in the problem. The results are compared with available ones in the literature and excellent agreement is obtained. An analysis of the obtained results shows that the flow field is influenced appreciably by the chemical reaction and thermophoresis particle deposition.
Thermophoresis, described as a physical phenomenon in which aerosol particles, subjected to a temperature gradient, move from high-to low-temperature zones of the gas, has attracted considerable attention for collection of submicrometer and nanometer particles. Viscous heating plays an important role in the dynamics of fluids with strongly temperaturedependent viscosities because of the coupling between the energy and momentum equations. Impurity ions may move from the cold side of a semiconductor wafer towards the hot side, since the higher temperature makes the transition structure required for atomic jumps more achievable. The diffusive flux may occur in either direction (either up or down the temperature gradient), dependent on the materials involved. Thermophoretic force has been used in commercial precipitators for applications similar to electrostatic precipitators. It is exploited in the manufacturing of optical fiber in vapor deposition processes. It can be important as a transport mechanism in fouling. Thermophoresis has also been shown to have potential in facilitating drug discovery by allowing the detection of aptamer binding by comparison of the bound versus unbound motion of the target molecule. This approach has been termed microscale thermophoresis. Thermophoresis is one of the methods used to separate different polymer particles in field flow fractionation. In particular, the contaminant particle deposition onto the surface of products in the electronic industry plays a critical role in the resulting product quality.
Thermophoresis with temperature dependent viscosity is an important mechanism of micro-particle transport due to a temperature gradient in the surrounding medium and has found numerous applications, especially in the field of aerosol technology. Meccanica (2013) 48:1415-1430 When the temperature gradient exists in the fluid surrounding a small particle, a net force is exerted on the particle due to an imbalance of the forces associated with molecular collisions from the hotter and colder regions. In most cases the force is in the direction of the cold region. In certain porous media applications such as those involving heat removal from nuclear fuel debris, underground disposal of radioactive waste material, storage of food stuffs, and exothermic andlor endothermic chemical reactions and dissociating fluids in packed-bed reactors, the working fluid thermophoresis particle deposition effects are important. In the application of pigments, or chemical coating of metals, or removal of particles from a gas stream by filtration, there can be distinct advantages in exploiting deposition mechanisms to improve efficiency. Thermophoretic deposition of radioactive particles is considered to be one of the important factors causing accidents in nuclear reactors. Acid rain is caused by emissions of sulfur dioxide and nitrogen oxides, which react with the water molecules in the atmosphere to produce acids. China government has made efforts since the 1970s to reduce the release of sulfur dioxide into the atmosphere with positive results. Nitrogen oxides can also be produced naturally by lightning strikes and sulfur dioxide is produced by volcanic eruptions. The chemicals in acid rain cm cause paint to peel, corrosion of steel structures such as bridges, and erosion of stone statues. Thermophoresis particle deposition with chemical reaction in the presence of magnetic field plays an important role on the rapid growth of World's economy and has led to severe air pollution characterized by acid rain, severe pollution in cities, and regional air pollution. High concentrations are found for various pollutants such as sulfur dioxides (SO2), nitrogen oxides (NO,), and fine particulates. Great efforts have thus been undertaken for the control of air pollution in the country. The effects of thermophoresis particle deposition with temperature dependent viscosity on forced and free convection flows are also important in the context of space technology and processes involving high temperatures. In light of these various applications, Tsai and Lin [I] proposed an approach through numerical integration for evaluating the particle deposition rates. [14] analyzed the effect of thermophoresis particle deposition on mixed convection from vertical surfaces embedded in saturated porous medium with variable wall temperature and concentration. Recently, Rahman and Postelnicu [I 51 performed the effects of thermophoresis on the forced convective laminar flow of a viscous incompressible fluid over a rotating disk. Effects of heat and mass transfer on mixed convection flow in the presence of suctionfinjection have been studied by many authors in different situations. But so far no attempt has been made to analyze the effects of thermophoresis particle deposition with chemical reaction on unsteady non-Darcy mixed convective heat and mass transfer past a porous wedge in the presence of temperature-dependent viscosity and hence we have considered the problem of this kind, One of the main focuses behind this study is also to investigate how the magnetic strength and Fig. 1 Flow analysis along the wall of the wedge thermophoresis particle deposition varies within the boundary layer when the viscosity is dependent on temperature. By introducing a new class of similarity transformation proposed by Sattar 1161, the governing non-linear partial differential equation is reduced to locally similar ordinary differential equation, which was solved numerically by applying shooting method and the results were discussed from the physical point of view. It is hoped that the results obtained will not only provide useful information for applications, but also serve as a complement to the previous studies.
Formulation of the problem
Let us consider an unsteady, laminar, hydromagnetic coupled heat and mass transfer by mixed convection flow in front of a stagnation point on a wedge plate embedded in porous medium. The fluid is assumed to be Newtonian and its property variations due to temperature are limited to density and viscosity. The density variation and the effects of the buoyancy are taken into account in the momentum equation (Boussinesq's approximation) and the concentration of species far from the wall, C,, is infinitesimally small. Let the x-axis be taken along the direction of the wedge and y-axis normal to it. The chemical reaction is taking place in the flow and the effect of thermophoresis is being taken into account to help in the understanding of the mass deposition variation on the surface. Fluid suction or injection is imposed at the wedge surface, see Fig. 1 . Under these conditions, the governing boundary layer equations of momentum, energy and diffusion for mixed convection flow neglecting Joule's viscous dissipation under Boussinesq's approximation including variable viscosity are
The boundary conditions are,
where u, v are the velocity components in the x and y directions respectively, t is the time, D is the effective diffusion coefficient; w is the dynamic viscosity, p is the fluid ambient density, c p is the specific heat at constant pressure and ke is the porous medium effective thermal conductivity, v is the kinematic viscosity of the fluid, kl (is the rate of chemical reaction in Eq. (4)) can be adjusted to meet these circumstances if one takes (i) kl > 0 for destructive reaction, (ii) kl = 0 for no reaction and (iii) kl < 0 for generative reaction, K is the permeability of the porous medium, Vr (= -k+ 3) is the thermophoretic velocity, where k is the thermophoretic coefficient (see Talbot et al. [17] ) and F is the empirical constant in the second order resistance and setting F = 0 in Eq. 
where m is an arbitrary constant and related to the wedge angle and j31 is the Hartree pressure gradient 0 parameter that corresponds to = , for a total angle f-2 of the wedge whereas S is the time-dependent length scale which is taken to be (detailed in Sattar [20] ) as S = 6(t).
The continuity equation (I) is satisfied by the stream function + (x, y) and it is defined as
Equations (2) 
Rex=-.
(where a, is the effective thermal diffusivity of the porous medium)
The value of 8, is determined by the viscosity of the fluid under consideration and the operating ternperature deference. If 8, is large, in other words, if T, -T, is small, the effects of variable viscosity can then be neglected. On the other hand, for a smaller value of 6, either the fluid viscosity changes significantly with temperature or the operating temperature is high. In either case, the variable viscosity effect is expected to become very important.
The boundary conditions can be written as where vo is the velocity of suction if vo < 0 and injection if vo > 0.
Equations (12) to (14) and boundary conditions ( I 6) can be written as
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where s = $ Jy the suction parameter if kx? (Kafoussias and Nanousis [19] ) is the dimensionless distance along the wedge (6 > 0). hand side. In this system of equations, it is obvious in the system of equations, it is necessary to emthat the nonsirnilarity aspects of the problem are employ a numerical scheme suitable for partial differ-ential equations for the solution. Formulation of the system of equations for the local nonsimilarity model with reference to the present problem will now be discussed. 
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The momentum equation (25) can also be attempt these circumstances if one takes yl >> 1.0 corresponds to pure free convection, yl = 1.0 corresponds to mixed convection and yl << 1.0 corresponds to pure forced convection. y is the chemical reaction parameter in Eq. (27) can be adjusted to meet these circumstances if one takes (i) y > 0 for destructive reaction, (ii) y = 0 for no reaction and (iii) y < 0 for generative reaction. Throughout this calculation we have considered yl = 1.0 unless otherwise specified. This form of the system is the most suitable for the application of the numerical scheme described below.
Numerical solution
The unsteady boundary layer over the wedge, subjected to the velocity of suction or injection, is described by the system of ordinary differential equations (25) , (27) , (30) and its boundary conditions (28) . A modified and improved numerical solution scheme, for local nonsimilarity boundary layer analysis, is I -, Table 1 Comparison of the current results with previous published work for = 1 , = 0 4 White [29] Present works
used. The scheme is similar to that of Minkowycz and Sparrow [26] but it deals with the differential equations in lieu of integral equations. In each level of truncation, the governing coupled and nonlinear system of differential equations is solved by applying the common finite difference method, with central differencing, a tridiagonal matrix manipulation, and an iterative procedure. The whole numerical scheme can be programmed and applied easily and has distinct advantages compared to that in Minkowycz and Sparrow [26] with respect to stability, accuracy, and convergence speed. The details of this scheme are described in Kafoussias and Karabis [27] and Kafoussias and Williams 1281.
To examine the behavior of the unsteady boundary layer over the wedge, numerical calculations were canied out for different values of the dimensionless parameters, entering the problem under consideration for Pr, = 1.42, which corresponds to air. The numerical results are shown in Figs. 2-12 for the velocity, the temperature and the concentration of the fluid along the wall of wedge. Numerical computations have been carried out for various values of unsteady parameter (A,), variable viscosity Or, thermophoresis particle deposition parameter (z) and chemical reaction parameter (y). In order to validate our method, we have compared the results of f (q) , f' (q) and f" (q) for various values of q (Table 1) with those of White [29] and found them in excellent agreement.
Results and discussion
In the absence of diffusion equation with steady flow, in order to ascertain the accuracy of our numerical results, the present study is compared with the available exact solution in the literature. The velocity profiles for 6 are compared with the available exact solution of Minkowycz and Sparrow [26] , is shown in Fig. 2 . It is observed that the agreements with the theoretical solution of velocity and temperature profiles are excellent. The effects of unsteadiness parameter A, on the dimensionless velocity, temperature and concentration profiles withn the boundary-layer have been displayed in Figs. 3,4 and 5 , respectively. From these figures, it is observed that the velocity profile decreases whereas the temperature and concentration profiles increase with the increase of unsteadiness parameter A,. The variation of the Prandtl number within the boundary layer for different values of the unsteadiness parameter h, play a very important role on flow field and it is clearly observed that an increase in A, decreases Pr, within the boundary layer. The reason for this behavior is that the inertia of the porous medium provides an additional resistance to the fluid flow mechanism, which causes the fluid to move at a retarded rate with reduced velocity.
Effect of thermophoresis parameter t on concentration field is shown in Fig. 6 . It is observed that the con- of thermophoretic parameter. In particular, the effect of increasing the thermophoretic parameter t is limited to increasing slightly the wall slope of the concentration profiles but decreasing the concentration. This is true only for small values of Schmidt number for which the Brownian diffUsion effect is large compared to the convection effect. However, for large values of Schmidt number, the diffusion effect is minimal compared to the convection effect and, therefore, the thermophoretic parameter t is expected to alter the concentration boundary layer significantly. This is consistent with the work of Alam et al. [5] on thermophoresis of aerosol particles in flat plate boundary layer. The effect of viscosity on velocity and temperature profiles is shown in Figs. 7 and 8 respectively. It is seen that the velocity of the fluid increases with increase of viscosity while the thermal boundary layer thickness decreases as the viscosity increases. So, the increase of viscosity accelerates the fluid motion and reduces the temperature of the fluid along the wall. This as Or + oo. Also, it is observed that the concentration of the fluid is almost not affected with increase of the viscosity.
Figures 9, 10 and 1 I represents the dimensionless velocity, temperature and concentration profiles for different values of buoyancy parameter. In the presence of uniform porosity effect, it is clear that the velocity for free convection is more dominant compared to the forced and mixed convection flow whereas the temperature and the concentration of the fluid for forced convection is monotonically dominant compared to the other buoyancy forces. Figure 12 represents the dimensionless concentration profiles @ ( q ) for different values of the chemical reaction parameter. For uniform suction and temperature-dependent fluid viscosity, an increase in chemical reaction, leads to fall in concentration of the fluid along the wall of the surface and these are shown in Fig. 12 . So, in the case of suction, the chemical reaction decelerates the concentration of the fluid along the wall of the surface whereas the velocity and the temperature of the fluid are not significant with increase of chemical reaction parameter. It is observed that the effects of destructive reaction on the concentration profiles are much more pronounced than that of the generative reaction. In particular, the concentration of the fluid gradually changes from higher value to the lower value only when the strength of rate of chemical reaction kl is higher than the kinematic viscosity v of the fluid.
From Table 2 , it is observed that tbe skin friction increases and the rate of heat and mass transfer decrease with increase of chemical reaction and un- steadiness parameters respectively, whereas the skin the rate of change of heat transfer of free convecfriction and the rate of mass transfer decrease and the tion flow is faster than the other two buoyancy forces. rate of heat transfer increases with increase of ther-
The variation of the Prandtl number within the boundmophoretic parameters. It is interesting to note that ary layer for different values of the unsteadiness pathe rate of change of skin friction and mass transfer rameter h, is plotted in Table 3 . It is noticed that of forced convection flow are more significant to coman increase in h, decreases Pr, within the boundary pare with free and mixed convection flows whereas layer. In the present paper, the effect of variable viscosity on In the presence of uniform viscosity, it is interesting unsteady non-Darcy mixed convection boundary layer to note that the velocity of the fluid decreases with flow over a porous wedge with thermophoresis particle deposition in the presence of chemical reaction increase of unsteadiness parameter. In unsteady has been studied l-here are many parammixed convective non-Darcy flow regime, the coneters involved in the final form of the mathematical centration boundaq layer thickness decreases with model. The vroblem can be extended on many direcincrease of the thermophoretic and chemical reac-
A
tions, but the first one seems to be to consider the eftion parameters.
a Springer It is interesting to note that the thermophoretic with chemical reaction effects in the presence of unsteady flow field have a substantial effect on the flow field and, thus, on the heat and mass transfer rate from the sheet to the fluid. Thermophoresis is an important mechanism of micro-particle transport due to a temperature gradient in the surrounding medium and has found numerous applications, especially in the field of aerosol technology. 
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The high adsorption of HNO3 on mineral dust particles would change their surface properties from hydrophobic to hygroscopic and form an efficient mechanism to remove nitrogen compounds to the ocean surface layer. In addition, dust particles make important contributions to regional and/or global climate and environment changes because particle can scatter and/or absorb solar radiation, act as chemical reaction sites in the atmosphere. Since oxidation has a strong effect on particle lifetime in the atmosphere, these results will help climate scientists refine the computer models used to predict climate change. 
